STATEMENT OF THE PROBLEM STUDIED
Prior ARO funded research established that compressible dynamic stall onset mechanisms are very sensitive to leading edge flow over an airfoil and the phenomenon is dominated by the generation of a large amount of coherent vorticity near the leading edge. Thus, controlling dynamic stall requires "solutions" that can alter the leading edge flow vorticity dynamics, generally not possible given the fixed geometry of an airfoil. It is for this reason that the concept of the dynamically deforming leading edge(DDLE) airfoil was developed. The DDLE airfoil can be continuously adapted to attain the "right"
shape for each instantaneous flow condition to prevent flow separation and the dynamic stall vortex from forming. It is also of interest to identify the limits of such an approach to prevent unintended consequences such as premature dynamic stall onset. Determination of the appropriate shapes for which the solution is valid requires an extensive understanding of the fundamental fluid mechanics of the interactions of the unsteady flow occurring under the influence of the time scales of airfoil reduced frequency and dynamic leading edge adaptation at different flow conditions. A major goal of the study was to develop this knowledge.
Another important flow feature of interest is the behavior of transition in this flow. The location of the transition point moves dramatically as the airfoil pitches up. Hence, it was decided to study the surface flow using densely spaced hot film gages to identify the flow events that govern the onset mechanisms. This information is also valuable in computational modeling of the flow since all flow calculations have so far assumed either fully laminar or turbulent flow, with a few exceptions that use a fixed transition location.
A conventional NACA 0012 airfoil was instrumented with 148 such gages with about 60 gages located on the upper surface in the first 25% of chord (40 sensors/in) for this purpose and the flow over it was investigated.
This report summarizes the key results (drawn from the references listed in the Bibliography, Sec. 8) from these two components of the study. The CDSF is an in-draft wind tunnel driven by a 6MW, 240,000 CFM continuously running evacuation compressor with a lOin x 14in test section and allows for a sinusoidal variation of the airfoil angle of attack, as follows: 0 < cc m < 15°, 2° < a 0 < 10° and 0 < f < lOOHz. A variable area downstream-throat is used to control the tunnel Mach number over the range 0.1 < M < 0.5. Optical access from the stagnation point on the lower surface to x/c = 0.4 on the upper surface is available with this model mounting arrangement. Flow studies over a 6-inch chord NACA 0012 supported between optical glass inserts in metal ports in the tunnel sidewalls are reported here.
The DDLE Airfoil
The philosophy used for the design of the DDLE airfoil was: relative to that of the fixed geometry airfoil, 1. reduce the suction peak pressures at high angles of attack 2. reduce the strong adverse pressure gradient 3. distribute the suction pressure over a wider region of the upper surface in order to improve the airfoil performance. A two-piece airfoil was built, with the section 0 < x/c < 0.2 from a carbon-fiber composite skin and the rest made from solid metal. The skin was 0.002in thick at the leading edge, but its thickness varied along its length. It was attached with a tang to a mandrel shaped to a 6-inch chord NACA 0012 leading edge profile, housed inside the airfoil. Fig. 1 shows model details and Fig. 2 depicts a schematic of the mounting arrangement and drive system in the CDSF. The mandrel was attached to a truss, which was in turn linked to a drive motor at each end through a connecting rod. The motors were PC controlled through software and had the capability to move the DDLE at different speeds, through a range of positions or incrementally in minimum time, to obtain a step change of shape and hold any chosen shape against the wind load and to complete the required movements without jitter during movement or oscillations.
Additional details of DDLE design, fabrication and control system are described in ref. 1.
The Deformation Schedule
One of the major goals of the study was to establish the hitherto unknown fluid mechanics of flow over such airfoils. With the particular design developed for this study, it was possible to vary the airfoil leading edge curvature by as much as 320% (from 0.095in radius to 0.30in radius) through a maximum leading edge retraction of 0.08in to produce dramatic flow changes around its leading edge and near the location of compressible dynamic stall onset. In this report, the various DDLE airfoil shapes used are identified by numbers, with shape 0 corresponding to that of NACA 0012. An integer shape change occurs when the airfoil chord is changed by 0.003in.
30
-to tirn e(ms) A typical deformation schedule consists of rounding the nose from the original NACA 0012 shape by retracting the leading edge, holding the final shape for a dwell period, and extending the leading edge back to the original shape. Steady flow studies were used to identify stall free geometries which served as a basis to identify possible dynamic stall vortex-free geometries, based on which oscillating airfoil shape change schedules that offered the most potential for success were determined. Many different shape change schedules were used during the study. Two shape-change schedules, one fast and the other slow, along with the corresponding angle of attack variations, that were used for M = 0.3, k = 0.05 are shown in Fig. 3 . The oscillations in the output response of the feedback system were minimized during the system tuning process for each condition to maintain the DDLE airfoil shape to within a half-integer of the final round shape during deformation.
Phase Locking Instrumentation
The deforming leading edge shape change is phase locked to the desired airfoil angle of attack in its sinusoidal motion cycle as shown in the flow chart in Fig. 4 . Special circuitry was designed and built for this purpose. This is known as the Leading Edge Position Interface (LEPI) and works in conjunction with an existing Oscillating Airfoil Position Interface (OAPI) that was used to phase lock the airfoil angle of attack for PDI imaging.
The motion was initiated by triggering the DDLE servomotor controller through a signal conditioner unit at a pre selected airfoil angle of attack. When a match occurred between the selected and actual angles of attack, the trigger pulse issued by the OAPI activated the DDLE motion controller unit, which was subsequently controlled by the pre-loaded (from the PC) software as shown in Fig. 4 . A slightly varying time delay (attributable to ongoing real-time processing within the PID loop) exists in the controller leading to some uncertainty (of the order of a few encoder counts) in phase locking. Since this problem could not be eliminated, the simple solution of repeating the experiments was used satisfactorily to acquire data sets within a narrow airfoil angle of attack window of its deformation.
Instrumentation and Techniques
As stated earlier, PDI was used in the study to obtain quantitative flow field density information. Its optical arrangement was similar to that of a standard Z-type schlieren system, but the light source was a laser beam expanded (to 15 cm) to fill the field of view of interest in the test section. The optics was aligned to minimize astigmatism. The knifeedge was replaced by a pre-developed, but not fixed, (partially transmitting) photographic plate (AGFA 8E75HD). This was necessary to burn an appropriate sized pinhole in it to 
Interferogram Image Processing
Several hundred interferograms were obtained during the experiment. These were scanned and processed manually using a software package developed in-house. Both surface and global pressure fields have been derived from the interferograms.
In these PDI images, it must be noted that increasing positive fringe numbers represent flow deceleration and vice versa. Hence, fringes from the freestream to the stagnation point have positive values, with the freestream fringe having a value of 0. The corresponding pressure along a fringe, up to the boundary layer edge, was derived using isentropic flow relations as:
Since p/po is a function of the freestream Mach number only, p/po can be determined by knowing the fringe number. The pressure at the edge of the boundary layer was then used as the surface pressure under the boundary layer assumptions.
Experimental Conditions
The experiments were conducted for a flow Mach number range from 0.2 < M < 0.45.
The corresponding Reynolds number ranged from 0.54xl0 6 -1.6xl0 6 . Three separate studies were completed during the study: The first one involved PDI imaging of the flow past airfoil of shapes from 0 -22 at angles of attack of up to 20 deg, in steady flow over the above Mach number range. This was used to develop the attached flow envelope to be described later. Dynamic leading edge deformation at two rates was then used to identify the effects of the deformation time scale on the flow behavior. Based on the steady flow results, certain airfoils with fixed leading edge shapes were tested for their dynamic stall behavior when the angle of attack was varied as a = 10°+10°sin©t. In particular, shape-2, shape-4, shape-6, shape-8, shape-8.5 and shape-10 were tested. The oscillation frequency was varied from 0-28 Hz, resulting in reduced frequencies from 0 -0.1. Some shapes such as shape-8.5, shape-6, etc were found to be dynamic stall free. Since in use, a rotor has to have a sharp nose on the transonic advancing side and a rounded nose on the slower retreating side of flight, it was essential to verify the validity of the dynamic deforming leading edge approach in controlling dynamic stall when its angle of attack was also varied, with two time scales dominating the flow. These tests were also carried out. From the information generated, it was concluded that a shape change schedule from 0 -8.5 for M = 0.3 and from 0 -6 for M = 0.4 provided the best opportunity for controlling dynamic stall, which were then tested.
Experimental Uncertainties
The estimated uncertainties in the data are as follows: 
RESULTS AND DISCUSSION

3.A. Characterization of Deforming Leading Edge Airfoil Flow Regimes; M =0.3
The flow over the various airfoil shapes produced by deforming the airfoil leading edge was mapped as a function of angle of attack and leading edge shape for both fixed and dynamically changing airfoil shapes (see ref 3) . In all cases the airfoil was brought to a fixed angle of attack and held there while the leading-edge shape was varied. Each staticshape was held for several seconds before the flow was imaged. For the unsteady cases the leading edge was pulled back from shape-0 to shape-22 at different rates and the flow was conditionally sampled during the leading-edge motion by phase-locking the PDI system to one operator-selected shape per motion.
The results of these parametric studies are presented as flow regime maps in Fig. 5 . Figure 5a shows the flow regimes that were observed for the static leading edge shapes.
Shape-0, corresponding nominally to the NACA 0012 profile, first shows separation at a The small-scale separation grows progressively more severe for rounder leading edge shapes (regimes S2s and S3s), and eventually complete separation from the leading edge is observed.
3.C. Flow Details
Over Shape-8.5 Airfoil; M = 0.3, k = 0.05
As discussed for Fig. 5a , there exists a range of airfoil shapes in flow at M -0.3 in which flow separation is delayed up to a = 18deg, for the steady conditions. Thus, it was decided to investigate the behavior of an oscillating airfoil with a fixed nose shape within this range as the next step in assessing the effectiveness of the DDLE airfoil concept for achieving dynamic stall control. Several airfoils having leading edge shapes similar to shape-8 were tested while executing sinusoidal pitching oscillations. In the tests, the DDLE leading edge curvature was held fixed at a predetermined value. Flow images over the shape-8.5 airfoil will be presented below since this shape provided the maximum delay of unsteady separation, while noting that the flow over shapes-7.5 and 8 were qualitatively similar.
The PDI image (ref. The vorticity fluxes calculated from the pressure distributions are plotted in Fig. 9a and 9b for the shape-8.5 airfoil and Fig. 9c for the NACA 0012 airfoil. The distributions in Fig. 9a for the airfoil upstroke show that generally there are two peaks in vorticity flux for the higher angles shown; a larger amplitude narrow one at the suction peak location and a smaller amplitude, wider one further downstream. For smaller angles the two peaks are away from the leading edge region. The larger peaks shown have about twice the amplitude of the smaller peaks, but the latter are several times wider. Since the area under the curve gives the total vorticity production, the broader distributions provide a greater contribution to this term. As the angle of attack increases, the second peak moves progressively closer to the leading edge; for example it is at x/c = 0.08 for a = 11.02deg
and at x/c = 0.04 for a = 19deg. As the airfoil reaches the top of the cycle, there is a reduction in the peak vorticity flux that is produced because the degree of unsteadiness decreases to zero. Also, the data indicate a movement of the vorticity flux peaks toward the trailing edge for a = 19.59deg and a = 20deg. The maximum value indicated in the graph is about 230 for the first peak for a = 17deg, but generally the value for most distributions in the second peak is around 100-125. The decrease in the first peak for a > 17deg may be attributable to the trailing edge separation that was discussed in Sec. C.
During the airfoil downstroke the peak values drop as the angle of attack is decreased and the peak also moves towards the trailing edge. It should be noted that the vorticity has to decrease due to the decreasing angle of attack and the excess vorticity has to be shed in order for the Dflow to adjust to the rapidly changing conditions Din Fig. 9c the distribution of vorticity flux for the NACA 0012 airfoil peaks with a magnitude of around 250. At a low angle of attack of 8deg this peak is centered near x/c = 0.04, but it moves close to the leading edge and is around x/c = 0.025 for 13deg with a magnitude of about 350. The PDI images for the NACA 0012 airfoil show that dynamic stall ensued at a = 14deg for this Dcase. Also, no trailing edge separation could be identified in the PDI images of the NACA 0012 Dfor this case; the trailing-edge separation appears to provide a mechanism for shedding the vorticity at the high angles at which the DDLE airfoil was tested. It is believed that for the vorticity to coalesce into a vortex, these sharp high peak values are necessary. The vortex thus formed has to be convected by the flow.
Eventually, flow separation follows, causing unacceptably large hysteresis in the load and moment loops. By carefully lowering the peak levels, and distributing the total vorticity over a greater area on the airfoil upper surface, it becomes possible to keep the flow attached and produce lift at low drag values until higher angles of attack. However, since the airfoil oscillation frequency is derived from a rotor flow condition, the airfoil adaptation rates are bounded. Hence, attempts to eliminate the light dynamic stall state may be impractical in real use.
3.F. Characteristics of the DDLE
3.G. Peak Suction Development
In Fig. 11 (ref. 7) , the development of the airfoil peak suction pressure coefficient C p . is compared for the NACA 0012, fixed shape-8.5, and the DDLE airfoil geometries at the two deformation rates used. Within experimental uncertainty, the peak suction values for the two deformation rates show nearly the same variation, even though the shape adaptation was initiated at different angles of attack. The NACA 0012 airfoil generates the highest value of C p . (« -7.5), which indicates that the flow has become locally supersonic (C Pcrit « -7.0 at M = 0.3), however, no shocks are seen. In both the fixed shape airfoil case and the DDLE airfoil case, C D . just reaches the critical value with the fixed shape-8.5 airfoil showing a slightly more gradual fall of peak suction pressure. On the upstroke, the values for the DDLE airfoil are slightly higher, suggesting that the suction lift over it tends to be marginally higher. Of greater interest is the 30% smaller size of the peak suction pressure loop for both the DDLE cases. This difference between the fixed shape-8.5 and DDLE airfoil cases in both the upstroke and downstroke peak suction development between the upstroke and downstroke would not be present because the flow vorticity would be diffused through the boundary layer at a rate consistent with its production throughout the oscillation cycle. This should indeed be the goal of shape adaptation. In reality, one can only expect to minimize the hysteresis loop so that the airfoil can deliver a performance that is free from large-scale separation effects. The results presented here confirm that satisfactory shape adaptation was achieved for this experimental condition of M = 0.3 and k = 0.05.
It is noted here that the shape adaptation for the slow case was initiated at a « 3.8 deg and for the rapid case at a « 8 deg, these angles being determined from the attached flow envelope developed in Fig. 5 . The primary factor that controls the shape change schedule is the attached flow envelope for each Mach number. The requirement to satisfy, for potential success, is that any instantaneous shape reached should be within this envelope for the flow at any angle to remain attached. The delay in pressure field development produced due the lag effects of unsteady flow provides some latitude in this regard.
It was also observed in these studies that initiating the deformation at inappropriate angles of attack induced premature dynamic stall. Thus, it is very important to determine the attached flow envelope in steady flow first, before proceeding with dynamic stall flow control. More details on this can be found in ref. 6.
3.H. Vorticity Flux Distributions
The vorticity fluxes calculated from the PDI derived pressure distributions (see ref.
3) for the fixed shape-8.5 and the DDLE airfoils are compared in Fig. 12 . The large changes in the potential flow due to large real-time geometry modifications translate to a large effect on the pressure distribution, which should be seen in the vorticity flux also. At a = 15 deg, the vorticity flux over the rapidly adapted DDLE airfoil is generally lower than that over the fixed shape-8.5 airfoil. The location of the peak vorticity flux value over the DDLE airfoil moves toward the trailing edge at x/c « 0.08 in Fig. 12a . No comparisons can be made with the distributions for the NACA 0012 airfoil since dynamic stall occurs at a = 14 deg and the flow separates completely by a -16 deg. However, it was shown in Sec. E that the vorticity flux distributions over the fixed shape-8.5 airfoil were significantly superior to that over the NACA 0012 airfoil at the lower angles of attack, because of its lower maximum value and downstream location of the peaks. Figure 12 establishes that on the upstroke, the DDLE airfoil flow is generally better than that of the fixed shape-8.5 airfoil. The peak vorticity flux for the DDLE airfoil moves slightly upstream with increasing angle of attack (from x/c = 0.08 to x/c = 0.05, Fig. 12b-d ), but it is lower than that for the shape-8.5 airfoil. The large peak of 225 seen for the fixed shape-8.5 airfoil close to the leading edge in Fig. 12b is not observed for the DDLE airfoil, even though its instantaneous shape of 7.5 attained dynamically is very close to the fixed shape-8.5. This can be attributed to the extreme sensitivity of the flow to the dynamic change of leading edge curvature. At a = 20 deg, Fig. 12d , the peak vorticity in the DDLE airfoil flow drops to about 50% ofthat seen in the fixed shape-8.5 airfoil flow, occurring at x/c = 0.05. In this, the peak vorticity occurs away from the leading edge and is significantly lower, when compared to the NACA 0012 airfoil prior to onset of dynamic stall. This explains why no dynamic stall vortex was observed in the deforming airfoil flow. On the downstroke at a = 19 deg, Fig. 12e , the DDLE airfoil flow vorticity level is somewhat higher and leads the fixed shape-8.5 airfoil, a trend that can be traced to the fact that the peak suction pressure is higher during the downstroke for the DDLE airfoil. In Fig. 12f , the values for the fixed shape-8.5 airfoil are compared at a = 15.5 deg with the DDLE airfoil at a = 15 deg. The higher vorticity flux levels suggest that a somewhat improved lift performance can be expected from the DDLE airfoil because of the increased circulation due to this vorticity.
Characteristics of the DDLE Airfoil Flow at M = 0.4, k = 0.05
The DDLE airfoil was adapted from shape-0 to shape-6 in this case based on the attached flow envelope shown in Fig. 6 (ref. 3) . The actual deformation schedule used is shown in Fig. 13 (ref. 9) . Figures 13 and 14 (ref. 9) show the flow development over the NACA 0012 and the DDLE airfoils, respectively. Shocks develop over the former by a = 10 deg (Fig. 14a) and shock-induced dynamic stall ensues by a = 10.5 deg, (Fig. 14b ) with deep dynamic stall following at a = 12.5 deg as can be seen in Fig. 14c . The figures show that the whole process occurs over a very small angle of attack range. The flow remains fully stalled until a « 10 deg on the downstroke.
In contrast, the DDLE airfoil, whose shape is varied from shape-0 to shape-6 shows many different flow features. At a = 9 deg Fig. 15a , the flow over the leading edge is fully C Pmin values that were calculated from the maximum number of fringes seen in Fig. 14 and 15 show that the DDLE airfoil generally develops about 15-20% higher peak suction values, which is clearly desirable. Thus, shape adaptation, which is necessary to satisfy the geometry requirements on the advancing side is also beneficial. The reason for the increased suction peak pressures appears to be the favorable interaction between the two unsteady time scales present in the flow -namely, the airfoil reduced frequency and the shape adaptation rate -both of which contribute to the unsteady term in the vorticity flux equation. Together, these seem to induce a pronounced effect on the vorticity flux manipulation.
3.J. Do Compressibility Effects on Attached Flow Envelope Negate Flow Control
Efforts?
The This leads to the conclusion that the use of the DDLE concept provides significant opportunity at achieving dynamic stall control.
3.K. Surface Hot Film Gage Studies
In an attempt to understand the events of dynamic stall, the surface shear stress was qualitatively studied using a dense array of hot film gages. These were mounted on a and the events of the shock and bubble interacting make this flow even more complex than discussed above and once again, need to be properly modeled for a better CFD analysis.
CONCLUSIONS
This study had two main foci: one was the establishment of the fluid mechanics of compressible dynamic stall control and the other was the study of the fluid mechanics processes of compressible dynamic stall.
For the first one, a dynamically deforming leading edge airfoil was tested in the CDSF.
The major contribution was establishing the fact that compressible dynamic stall can indeed be controlled under helicopter retreating blade flow conditions. The establishment of the attached flow envelope was key in identifying the airfoil leading edge shapes that were needed during the process. The study also established that within this envelope, the dynamic stall vorticity could be produced and diffused at rates that maintained its peak level below the critical level for coalescence. This led to successful control of compressible dynamic stall both at M = 0.3 and 0.4 at a reduced frequency of 0.05.
Another important result was that improper shape adaptation could promote dynamic stall onset, even prematurely. Hence, it is imperative that the leading edge deformation schedule be consistent with the vorticity balance requirements. In general slow rates of adaptation were found to be better at achieving success. Since the time scale of adaptation is not an independent quantity, but in fact is dependent upon the airfoil reduced frequency, this result becomes important both in terms of practical utility and in the fluid mechanics terms of vorticity management. The airfoil geometry was such that the large leading edge curvature required for flow control could be produced with a very small chordwise movement. In this study, less than 0.4% of chord, a maximum linear chord length change of 0.025in was used. This small change appears within the realm of present day smart materials and actuators, offering the hope that the technique could become practical.
The heat flux gage studies documented the rapid movement of the transition onset point as a function of angle of attack. They also showed that there is violent activity in the bubble or under a separated shear layer at a higher Mach number of 0.45 prior to dynamic
